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Inosine triphosphate pyrophosphatases, which are ubiquitous house-
cleaning enzymes, hydrolyze noncanonical nucleoside triphosphates
(inosine triphosphate (ITP) and xanthosine triphosphate (XTP)) and prevent
the incorporation of hypoxanthine or xanthine into nascent DNA or RNA.
Here we present the 1.5-Å-resolution crystal structure of the inosine
triphosphate pyrophosphatase RdgB from Escherichia coli in a free state and
in complex with a substrate (ITP+Ca2+) or a product (inosine monopho-
sphate (IMP)). ITP binding to RdgB induced a large displacement of the α1
helix, closing the enzyme active site. This positions the conserved Lys13
close to the bridging oxygen between the α- and β-phosphates of the
substrate, weakening the Pα–O bond. On the other side of the substrate, the
conserved Asp69 is proposed to act as a base coordinating the catalytic
water molecule. Our data provide insight into the molecular mechanisms of
the substrate selectivity and catalysis of RdgB and other ITPases.
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Introduction

Noncanonical nucleoside triphosphates (NTPs;
such as deoxyinosine triphosphate (dITP), deoxyx-
anthosine triphosphate (dXTP), 8-oxo-deoxyguano-
sine triphosphate, and 2-oxo-deoxyadenosine
triphosphate are produced from oxidation, deami-
nation, or other modifications of canonical
nucleotides.1–3 DNA or RNA polymerases can
incorporate noncanonical (deoxy)NTPs (dNTPs)
into nascent DNA or RNA during replication or
transcription, resulting in complete blockage of the
polymerization reaction or in mispairing with
incorrect nucleotides. Removal of noncanonical
dNTPs from the cellular nucleotide pool is carried
out by “house-cleaning” enzymes whose function is
d.
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Fig. 1. Biochemical characterization of RdgB. (a)
Substrate profile: NTP pyrophosphatase activity against
different substrates (0.05–1 mM substrate and 7.5 mM
Mg2+) determined using a pyrophosphatase-coupled
assay. (b) Cellulose TLC plate (UV-visualized) showing
the reaction products of the hydrolysis of ITP or GTP by
RdgB. Samples: (1) IMP standard; (2) the reaction mixture
with ITP without RdgB; (3) the reaction mixture with ITP
and RdgB; (4) ITP standard; (5) GMP standard; (6) the
reaction mixture with GTP without RdgB; (7) the reaction
mixture with GTP and RdgB; (8) GTP standard. Experi-
mental conditions were as described in Materials and
Methods.
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“to cleanse the cell of potentially deleterious endo-
genous metabolites and to modulate the accumula-
tion of intermediates in biochemical pathways.”1,4

Four known families of house-cleaning enzymes
include Nudix hydrolases (which hydrolyze various
nucleoside diphosphates), trimeric dUTPases (which
are specific to dUTP), all α-NTP pyrophosphatases
(which degrade deoxyuridine triphosphate (dUTP),
deoxyuridine diphosphate (dUDP), deoxycytidine
triphosphate (dCTP), deoxycytidine diphosphate
(dCDP), and 2-oxo-deoxyadenosine triphosphate),
and ITPases (which degrade dITP and xanthosine
triphosphate (XTP)).1,4,5

Inosine triphosphate (ITP) is generated by the
phosphorylation of inosine monophosphate (IMP),
which is a precursor of both AMP and guanosine
monophosphate (GMP), whereas dITP can be
produced by oxidative deamination of dATP or by
reduction of ITP or IDP.1–3 XTP (dXTP) is formed by
oxidative deamination of guanosine triphosphate
(GTP) or deoxyguanosine triphosphate (dGTP). If
incorporated into DNA, hypoxanthine (from dITP)
or xanthine (from dXTP) can be paired with T, C, or
A, resulting in potentially deleteriousmutations. The
incorporation of these noncanonical nucleotides into
DNA is prevented by the activity of dITP/XTP
pyrophosphatases, which are conserved proteins
present in bacteria, archaea, and eukaryotes. Most
ITPases belong to the HAM1 family (IPR002637; 682
sequences in databases) named after the hydroxyla-
minopurine sensitivity protein-1 from yeasts.6 In
Saccharomyces cerevisiae, the HAM1 protein protects
against the mutagenic effects of the base analog
hydroxylaminopurine, which is a natural product of
monoxygenase activity on adenine.6 Only three
HAM1 proteins—ITPA from humans, MJ0226 from
Methanococcus jannaschii, and RdgB from Escherichia
coli—have been biochemically characterized.7–10

These proteins showed activity against both canoni-
cal and noncanonical nucleotides, but the latter was
hydrolyzed 10–100 times more efficiently.8–10

Although two ITPase structures have already been
published,7,11 the molecular mechanisms of sub-
strate selectivity and catalysis remain obscure.
Structural studies with MJ0226 have demonstrated
that the substrate base is exposed to the solvent and
has no contacts with the protein.7 The recent crystal
structure of the human ITPA complex with ITP
revealed an alternative binding mode for the
substrate, with the base sandwiched between two
conserved phenylalanines and with the phosphates
coordinated by the side chains of several lysines.11

A similar substrate-binding mode was also sug-
gested by in silico substrate-docking experiments
with the structure of TM0159, a predicted ITPase.1

Previous genetic experiments have suggested that
E. coli RdgB is the enzyme responsible for the
interception of dITP/dXTP, preventing the incor-
poration of hypoxanthine/xanthine into DNA.12–15

Recent biochemical studies have identified the pre-
sence of ITP/XTP pyrophosphatase activity in RdgB,
but have produced controversial results on the
substrate affinity of this enzyme.8,10 In this work,
we present the results of structural, biochemical, and
mutagenic studies of E. coli RdgB and propose a
model for its catalytic mechanism. We have identi-
fied four amino acid residues (Lys13, Glu41, Lys53,
and Asp69) that are absolutely required for catalytic
activity, and we have solved the crystal structures of
RdgB in a free state or in complex with ITP+Ca2+

(a substrate) or IMP (a product).
Results and Discussion

Purification and oligomeric state

Escherichia coli RdgB was overexpressed and affi-
nity purified with a high yield (N30 mg/L culture) of
up to N95% homogeneity. Gel-filtration experiments
using a Superdex 75 FPLC column showed that the
native protein has a molecular mass of 42.3±0.2
kDa, indicating that this protein forms a homodimer
in solution. Homologous NTPases from M. janna-
schii and humans have also been reported to be
homodimers in solution.7,9
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Enzymatic activity of RdgB

Purified E. coli RdgB exhibited a high nucleotide
pyrophosphatase activity against three noncanoni-
cal NTPs (ITP, dITP, and XTP), a low activity against
GTP, and a very low activity against eight other
canonical nucleotides (Fig. 1a). RdgB did not
discriminate between ribonucleotides and deoxy-
ribonucleotides (Fig. 1a), showed no activity against
canonical nucleoside diphosphates or monopho-
sphates, and showed a very low activity with IDP
(40.1±3.24 nmol/min mg protein). Thin-layer chro-
matography (TLC) analysis demonstrated the for-
mation of IMP during the hydrolysis of ITP and
GMP from GTP (Fig. 1b), indicating that RdgB
hydrolyzes NTPs to nucleoside monophosphates
and pyrophosphate. RdgB had an alkaline pH
optimum (pH 9.0) and required the presence of a
divalent metal cation for activity. Mg2+ was the
most effective metal, whereas Co2+, Zn2+, andMn2+

supported b50% of the maximum rate (data not
shown). In contrast to the human ITPA, which
was saturated at 30 mM Mg2+,9 RdgB showed an
∼10-times-higher affinity to this metal (apparent
Kd=2.52±0.20 mM).
Table 1. Kinetic parameters of E. coli RdgB: wild-type and
mutant proteins

Protein
Variable
substrate Km (μM) kcat (s

−1)
kcat/Km
(M−1 s−1)

1. Wild type XTP 23.3±1.96 19.9±0.61 8.54×105

dITP 11.3±0.44 13.2±0.22 1.17×106

ITP 5.62±0.37 18.9±0.38 3.38×106

GTP 312.6±167.9 0.85±0.20 2.72×103

dGTP 181.5±23.3 0.37±0.02 2.06×103

TTP 289.1±27.6 0.26±0.01 0.90×103

2. K3A ITP 5.70±0.30 16.3±0.28 2.86×106

3. T8A ITP 2.35±0.15 4.33±0.07 1.80×106

4. N10A ITP 3.04±0.14 6.42±0.09 2.14×106

5. K13A ITP nda nd nd
6. E16A ITP 4.05±0.20 11.3±0.19 2.76×106

7. G25T ITP 16.7±0.88 24.0±0.49 1.41×106

8. E41A ITP nd nd nd
9. K53A ITP 11.0±1.36 0.06±0.004 5.46×103

10. D68Ab ITP 21.1±0.88 2.28±0.03 1.09×105

11. D69A ITP nd nd nd
12. S70A ITP 3.76±0.26 8.88±0.18 2.34×106

13. G71A ITP 4.28±0.17 1.26±0.02 2.93×105

14. S85A ITP 7.95±0.29 26.3±0.34 3.29×106

15. R87A ITP 4.67±0.47 7.38±0.22 1.57×106

16. R114A ITP 5.94±0.39 17.1±0.36 2.90×106

17. F118A ITP 9.69±1.14 16.8±0.65 1.73×106

18. C120A ITP 10.3±0.90 17.3±0.53 1.73×106

19. F154A ITP 94.9±31.1 1.09±0.12 1.15×104

20. D157A ITP 4.34±0.32 11.3±0.25 2.63×106

21. F160A ITP nd nd nd
22. K177A ITP 23.2±3.83 8.58±0.52 3.70×105

23. S181A ITP 4.34±0.32 10.5±0.16 2.44×106

24. H182A ITP 5.93±0.33 16.4±0.31 2.78×106

25. R183A ITP 119.9±26.7 4.88±0.35 4.07×104

a nd, not detected (the specific activity was b10 nmol/min mg
protein, except for F160A, which showed significant activity but
no saturation).

b The activity of this protein was measured in the presence of
40 mM Mg2+, whereas 7.5 mM Mg2+ was used for all other
proteins.
With all substrates, RdgB showed sigmoidal
saturation kinetics with the Hill coefficient (kH) in
the range of 1.7–2.2, suggesting positive cooperativ-
ity between two protein subunits in substrate
binding (the dimeric state of RdgB was demon-
strated by our gel-filtration experiments). In our
work, RdgB demonstrated the highest catalytic
efficiency (kcat/Km) toward ITP, followed by dITP
and XTP (Table 1). Its catalytic efficiency toward
noncanonical nucleotides was ∼1000 times higher
than that toward canonical nucleotides (Table 1).
Our results with E. coli RdgB (Table 1) and the recent
work of Burgis and Cunningham10 revealed that the
affinity of bacterial ITPase to noncanonical NTPs
(Km=5.62–23.3 μM) is 10–100 times higher than the
substrate affinities of archaeal (MJ0226) and eukar-
yotic (ITPA) enzymes (Km=220–570 μM).8,9 How-
ever, the latter enzymes have higher catalytic
activities; therefore, all three ITPases show similar
catalytic efficiencies (kcat/Km=0.61–3.38 M−1 s−1)
toward noncanonical nucleotides. In addition, our in
vitro experiments revealed that the presence of 0.6–
0.8 mM ITP completely suppressed the hydrolysis of
2 mM GTP by RdgB (data not shown). We can
assume that, as for the Nudix hydrolase MutT,16

noncanonical nucleotides might inhibit (overcom-
pete) the hydrolysis of canonical nucleotides by
RdgB in vivo, making this enzyme even more
selective toward noncanonical nucleotides.

Crystal structure of E. coli RdgB in a free state

The crystal structure of E. coli RdgB (1k7k) was
solved using selenomethionine (SeMet)-substituted
protein and multiple-wavelength anomalous dis-
persion (MAD). The structure demonstrated that the
protein is a homodimer (Fig. 2a), consistent with the
results of our gel-filtration experiments (Mr=42.3±
0.2). The subunit structure contains one domain
with an α/β fold and has 12 α-helices and 6
β-strands (Fig. 2b). The crystal structure of RdgB
revealed the presence of a large cavity located
between the two protein lobes (Fig. 2a and b).
Most of the 21 conserved residues of RdgB (includ-
ing the HAM1 signature motif Ser-His-Arg) are
located inside this cleft, suggesting that it accom-
modates an active site of this enzyme. These resi-
dues comprise Thr8, Asn10, Lys13, Glu16, Glu41,
Lys53, Asp68, Asp69, Ser70, Gly71, Ser85, Phe154,
Asp157, Lys177, Ser181, His182, and Arg183. A
similar large cavity holds the enzyme active site
in MJ0226 and ITPA.7,11,17

A Dali search17 for RdgB structural homologs
identified several strong matches, including the
human ITPA (2car; Z-score=7.6; r.m.s.d.=1.87 Å),
the putative XTP pyrophosphatase TM0159 from
Thermotoga maritima (1vp2; Z-score=7.2; r.m.s.d.=
1.97 Å), the XTP/ITP pyrophosphatase MJ0226
(1b78; Z-score=6.9; r.m.s.d. =1.77 Å), and the
hypothetical protein PH1917 from Pyrococcus hor-
ikoshii (1v7r and 2dvp; Z-score=5.0; r.m.s.d.=
2.36 Å). Structural comparisons also revealed a
significant similarity between E. coli RdgB YjjX-like



Fig. 2. Crystal structure of E. coli RdgB. (a) Two views of RdgB (wild type) related by a 90° rotation showing the
protein dimer (left) and one subunit (right). The helices, strands, and loop regions of one subunit are in red, blue, and gray,
respectively, while the position of the second molecule is shown by helices and strands (both in cyan) and by loops (in
gray). The structures show the presence of the large cavity with the β-sheet floor in the center of each subunit. (b) Stereo
view of the backbone trace of RdgB. Beginning at residue −10, every 10th residue is highlighted with a gray sphere and
labeled; helices are in red, strands are in blue, loops are in green, and disordered regions are shown by a dashed curve.
N- and C-termini are also labeled. (c) Surface of the RdgB (D69A) cocrystallized with ITP+Ca2+. Note the large pocket
with the bound nucleotide and the complete burial of the nucleotide base. The surface has been rendered semitransparent
so that the nucleotide base remains visible. (d) Overlay of the apo-RdgB (pink) structure with the structure of the RdgB
D69A–ITP–Mg2+ complex (blue). The positions of N- and C-termini are labeled, and the positions of ITP andmetal ion are
denoted by a stick diagram and a gray sphere, respectively. The α1 helix undergoes the largest conformational shift
between the two structures.
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and Maf-like proteins, two other families of pre-
dicted nucleotide pyrophosphatases. They include
the YjjX proteins from E. coli (1u5w; Z-score=4.6)18

and Salmonella (1u14; Z-score=5.1); VC0702 from
Vibrio cholerae (1zwy; Z-score=5.2); and Maf-like
proteins from Bacillus subtilis (1ex2; Z-score=4.3)19

and Trypanosoma brucei (2amh; Z-score=4.1). These
proteins have a homodimeric organization, similar
folds, and catalytic clefts, suggesting a common
evolutionary origin among these enzymes. Our
experiments with E. coli YjjX have revealed the
presence of pyrophosphatase activity in ITP, dITP,
and XTP (unpublished results), whereas the pre-
sence of this activity has not yet been reported in
Maf-like proteins.

Mutational studies of RdgB

Structure-based sequence alignment of RdgB with
ITPA and three other HAM1 proteins identified 21
strictly conserved amino acid residues (Fig. 3a). A
Fig. 3. Structure-based sequence alignment of ITPases (a)
based sequence alignment of RdgB and four other ITPases.
secondary structure elements derived from structures of Rdg
alignment, respectively. The compared proteins are E. coli Rd
from M. jannaschii (Q57679), TM0159 from Th. maritima (Q9W
mutagenesis of RdgB: ITP pyrophosphatase activity of purifie
1 μg/assay protein).
BLAST search recognized the presence of the con-
served triplet of residues Ser-His-Arg at the C-termini
in all sequences of characterized and predicted
HAM1-like proteins, which can therefore serve as a
signature motif for this family. In the RdgB structure,
many conserved residues, including the signature
motif Ser-His-Arg, are located within a large cavity
that holds the putative active site (Fig. 2a). Site-
directed mutagenesis revealed that 13 RdgB mutant
proteins showed no effect (Lys3Ala, Gly25Thr,
Ser85Ala, Arg114Ala, Phe118Ala, Cys120Ala, and
His182Ala) or a small effect (Glu16Ala, Ser70Ala,
Arg87Ala, Asp157Ala, Lys177Ala, and Ser181Ala) on
activity (Fig. 3b). Seven mutant proteins (Thr8Ala,
Asn10Ala, Asp68Ala, Gly71Ala, Phe154Ala,
Phe160Ala, and Arg183Ala) demonstrated a greatly
reduced ITP pyrophosphatase activity, indicating
that these residues are important for catalysis.
Alanine replacement mutagenesis of Lys13, Glu41,

Lys53, and Asp69 resulted in a complete loss of
enzymatic activity (Fig. 3b). In the RdgB structure,
and site-directed mutagenesis of RdgB (b). (a) Structure-
Highly conserved residues are highlighted in gray. The
B (1k7k) and ITPA (2car) are shown above and below the
gB (P52061), PH1917 from P. horikoshii (O59580), MJ0226
Y06), and human ITPA (Q9BY32). (b) Alanine replacement
d proteins (0.0013–0.25 mM ITP, 7.5 mM Mg2+, and 0.01–
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the last three residues create a triad of interacting side
chains, Glu41-(3.3 Å)-Lys53-(2.8 Å)-Asp69. Similar
triads of interacting lysine and carboxylates can also
be recognized in the structures of TM0159 (1vp2) and
human ITPA (2car). Asp69 is conserved in all known
and predicted ITPases (HAM1 family), as well as in
the structurally related Maf proteins and RNase H,
where it is predicted to have a catalytic role.19,20

All characterized ITPases require a divalent metal
cation for activity. It is well known that divalent
metal ions usually contribute to enzymatic reactions
of nucleotides by coordinating the otherwise flexible
phosphate chain.21,22 We presume that the absence
of bound metal in the structure of E. coli RdgB and
two other free-state structures of ITP pyrophospha-
tases (MJ0226, TM0159, and ITPA) is due to an in-
ability of the open form of this enzyme to bind the
divalent cation. In the structurally similar E. coli
RNase H, Mg2+ is coordinated by a cluster of four
acidic residues (Asp10, Glu48, Asp70, and Asp134).23

The RdgB Glu41Ala mutant protein was inactive,
whereas Glu16Ala and Asp157Ala proteins showed
a wild-type affinity to Mg2+ (apparent Kd=3.42 and
1.58 mM, respectively). However, in Asp68Ala
protein, the affinity to Mg2+ was reduced six times
(apparent Kd=15.6±0.91 mM), suggesting that this
residue is involved (directly or indirectly) in the
coordination of Mg2+ in RdgB.
The RdgB Phe118Ala mutant protein showed a

2-times-lower substrate affinity, whereas alanine
replacement of the conserved Phe154 reduced the
catalytic efficiency (kcat/Km) by almost 300 times
(Table 1). In the docking model of TM0159 with
bound XTP, the homologous Phe113 and Phe148
were predicted to form a stacking interaction with
the substrate base,1 suggesting the same function for
the RdgB Phe118 and Phe154. In contrast to this, in
the ITPA structure, the substrate base is sandwiched
between closely located Phe149 and Try151,11 from
which only Phe149 is homologous to RdgB Phe154.
Interestingly, replacement of the RdgB Gly71 with
an alanine residue resulted in a 15-fold reduction in
kcat without an effect on Km (Table 1), indicating that
the introduction of the small alanine side chain
affects the catalytic reaction, perhaps through the
effect on the closely located Asp69. This glycine is
conserved in all known and predicted ITPases
(except for the human ITPA), which contain a
Fig. 4. Stereo view of the RdgB
catalytic site containing ITP (a) or
IMP (b), with 2Fo−Fc electron den-
sity contoured at 1σ. The positions
of ITP, IMP, metal ion (Me), and the
side chains of interacting amino
acid residues are labeled. In both
cases, maps were generated prior
to inclusion of the nucleotide in
the model. In (a), the map was gen-
erated following automated build-
ing of the protein model using
autoSHARP,43 while (b) was gener-
ated following rigid-body refine-
ment of RdgB protein coordinates.
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cysteine residue at this position. In humans, the
mutational replacement of nonconserved P32 with
threonine results in complete ITPase deficiency in
homozygous patients.24,25 Although ITPase defi-
ciency in humans is not associated with any obvious
clinical abnormality, nevertheless, in the long term,
it may be an additional genetic factor that predis-
poses to malignancies or that is responsible for
adverse drug reactions.26–28 However, E. coli RdgB
contains a glycine residue (Gly25) at this position in
sequence alignment (Fig. 3a), and Gly25Thr replace-
ment produces an enzyme with wild-type activity
(Fig. 3b).

Structures of RdgB complexes with ITP+Ca2+

or IMP

Catalytically inactive RdgB Asp69Ala protein was
cocrystallized with ITP in the presence of Ca2+

(Figs. 2c, 4a, and 5a). The ITP-bound protein
crystallized in a different space group (P4212 as
opposed to P43212 for apo-RdgB) (Table 2). In
addition, phase information for the ITP-bound
protein could not be obtained by molecular replace-
ment with apo-RdgB. Therefore, structure determi-
nation of the RdgB+ITP+Ca2+ complex was done
by collecting a single-wavelength anomalous dif-
fraction data set using SeMet-labeled protein.
Fig. 5. Coordination of the substrate and the product in the
active site with bound ITP+Ca2+ (a) or IMP (b). The metal ion
Analysis of the electron density in this structure
confirmed the presence of ITP and Ca2+ bound to
the predicted active site of RdgB (Fig. 4a). The
hypoxanthine base of ITP is completely buried
within a large pocket (Fig. 2c) and is sandwiched
(by π-stacking interactions) between the aromatic
side chains of Phe118 (3.2–3.4 Å; bottom of the
sandwich) and Phe154 (3.5–3.6 Å; top of the
sandwich) (Figs. 5a and 6). Mutational analysis of
RdgB (Fig. 3b) revealed that the top aromatic side
chain (Phe154) plays a more important role in
substrate binding because Phe154Ala mutant
showed a 300-times-lower catalytic efficiency,
whereas Phe118Ala mutant protein exhibited only
a 2-fold increase in Km (Table 1). In the RdgB–ITP
complex, the base is also H-bonded to the side
chains of three residues: Asp157 (2.6 Å to the base
N1), and Lys177 and Arg183 (2.9 Å to the 6-keto
oxygen of hypoxanthine) (Fig. 6). Alanine replace-
ment mutagenesis of Arg183 resulted in a N21-times
increase in Km and a N3-times decrease in activity,
whereas Lys177Ala showed a 4-times-lower sub-
strate affinity and a 2-times-lower activity (Table 1),
indicating that both these residues play an impor-
tant role in substrate binding. Both Arg183 and
Lys177 contribute to the substrate selectivity of
RdgB by discriminating against the 6-amino group
of adenine (in ATP) or the 4-amino group of cytosine
active site of RdgB. Close-up stereo view of the RdgBD69A
is denoted by a gray sphere and the symbol Me.



Table 2. Data collection and refinement statistics

Parameter

apo-RdgB crystal 1 apo-RdgB crystal 2 (1k7k)

RdgB–IMP
(2pyu)

RdgB–ITP
(2q16)Peak Inflection Remote

Low
resolution

High
resolution

Data collection
Space group P43212 P43212 P43212 P4212
Cell dimensions

a and c (Å)a
a=78.2, c=80.4 a=78.2, c=80.4 a=77.9, c=81.1 a=120.6, c=66.2

Wavelength 0. 97900 0.97937 0.95372 1.03321 1.03321 1.54178 0.97942
Resolution (Å) 50–1.79 50–1.79 50–1.82 50–2.61 3.5–1.45 50–2.02 50–1.95
Rsym or Rmerge 0.065 (0.77b) 0.07 (0.84) 0.07 (0.84) 0.044 (0.015) 0.06 (0.69) 0.0579 (0.476) 0.089 (0.551)
I/σI 34.8 (1.9) 32.6 (1.7) 33.5 (0.84) 30.2 (9.7) 20.4 (1.4) 37.5 (5.5) 39.9 (5.5)
Completeness (%) 99.6 (96.9) 99.5 (96.4) 99.6 (96.6) 99.4 (99.7) 98.5 (90.7) 99.9 (99.6) 99.96 (100)
Redundancy 9.5 9.4 9.5 4.0 4.8 4.9 (4.7) 19.4 (17.7)

Refinement
Resolution (Å) 50–1.5 1.58–1.5 32.03–2.02 26.98–1.95
Number of reflections 37,399 5784 16,119 34,514
Rwork/Rfree 20.0/22.9 22.8/24.4 19.2/25.3 17.1/20.8
Number of atoms
Protein 1701 1569 2943
Major ligand 46 (IMP, 2

conformations)
64 (Ca–ITP)

Other ligands/ion 4 10
Solvent 255 147 410
B-factors 16.8 32.3 31.5
r.m.s.d.
Bond lengths (Å) 0.02 0.026 0.015
Bond angles (°) 1.95 2.24 1.68

Ramachandran plot
Most favored (%) 91.4 90.9 93.1
Additionally allowed (%) 8.0 9.5 6.9
Generously allowed (%) 0 0.6 0
Disallowed (%) 0.6 0 0

a For tetragonal space groups, a=b≠c and α=β=γ=90°.
b Values in parentheses are for the highest-resolution shell.
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(in cytidine triphosphate). Additionally, these two
residues interact with the side chains of two
carboxylates (Lys177-Asp157, 2.6 Å; Arg183-Glu16,
2.9 Å). These interactions are predicted to stabilize
the protonated forms of the arginine or lysine side
chains29 that would be important for the substrate
discrimination role of Lys177 and Arg183 in RdgB.
Asp157 also contributes to substrate coordination
through the H-bond to the N1 of the base (2.6 Å)
(Fig. 6). The structure suggests that the 2-keto
oxygen of xanthine can be accommodated within
the buried turn Phe154-Gly155-Tyr156-Asp157,
where it can be H-bonded with the main-chain
NH groups. The substrate affinity of RdgB to ITP
was 4 times higher than the substrate affinity of
RdgB to XTP (Table 1), suggesting that the adjust-
ment of the 2-keto oxygen of xanthine in the active
site requires more energy. The accommodation of
the guanine base in the RdgB active site is hindered
by steric interferences of the guanine 2-amino
group, with the main-chain amide groups of
Phe154-Gly155-Tyr156-Asp157 providing the mole-
cular basis of RdgB discrimination against GTP.
There are no direct contacts between the 2′-

hydroxyl or the 3′-hydroxyl group of the ribose
ring and the RdgB active site, explaining the absence
of discrimination between ribonucleotides and
deoxyribonucleotides. Three oxygen atoms of the
triphosphate moiety of ITP are coordinated by
interactions with the side chains of three residues:
Lys13 (2.8 Å; α-P), Asn10 (2.7 Å; β-P), Thr8 (2.7 Å;
γ-P), and Lys53 (2.7 Å; γ-P), as well as with the
main-chain amide groups of Gly9 (2.9 Å; γ-P) and
Ser70 (3.2 Å; γ-P) (Fig. 6). In addition, phosphate
oxygen atoms chelate the calcium ion with an α,β,γ
tridentate geometry (each phosphate contributes
one oxygen atom to calcium's coordination sphere)
(Figs. 5a and 6). The same metal coordination
geometry was observed in the crystal structures of
the trimeric dUTPase and DNA polymerase β.21,22

As well, the calcium ion has contacts with the side-
chain oxygen of the conserved Glu41 of RdgB
(2.05 Å). The recently solved structure of the Maf-
like protein Tbru21784aaa from Tr. brucei (2amh)
revealed a similar coordination of the bound Mn2+

by the side chain of the conserved Glu45 and oxygen
atoms of two bound sulfate ions that mimic the
α- and γ-phosphates of the NTP substrate. This
similarity suggests some common features in the
catalytic mechanism of these enzymes. The de-
scribed interactions between the substrate and
RdgB amino acid residues play an important role
in the catalysis, since alanine replacement mutagen-
esis of these residues produced inactive (Lys13Ala,
Glu41Ala, and Lys53Ala) or low-activity (Thr8Ala
and Asn10Ala) proteins.



Fig. 6. Flat representation of major interactions between the RdgB active site and ITP. Hydrogen bonds are indicated
by dashed lines; numbers represent distances in angstroms. The green ball indicates a divalent metal cation (Ca2+). A69
from the RdgB D69A–ITP structure is restored back to aspartate to show the predicted interactions of the D69 side chain
with K53 and the substrate.
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The recent structure of the human ITPA–ITP
complex11 and the just-released structures of the
PH1917 complexes with ITP (2e5x and 2dvo) or IMP
(2dvn) revealed similar substrate coordinations in
these proteins, with one main difference in the base
stacking in ITPA. In the ITPA structure, the base is
stacked between the side chains of Phe149 (on top)
and Try151 (at the bottom) located one residue
apart. In RdgB, the substrate base is sandwiched
between the side chains of distantly located pheny-
lalanine (Phe118 at the bottom and Phe154 on top in
RdgB). In general, the structures of RdgB, ITPA, and
PH1917 agree well with the in silico docking model
of the TM1059–XTP complex proposed recently in
Galperin et al., and they all provide insights into the
mechanism of the substrate selectivity of ITPases.1

We have also solved the crystal structure of the
catalytically inactive RdgB Asp69Ala mutant cocrys-
tallized with the IMP product (Figs. 4b and 5b). In
contrast to RdgB+ITP, the structure of the RdgB+
IMP complex was solved by rigid-body refinement
using the protein coordinates of apo-RdgB because
the unit cell dimensions of the RdgB+IMP crystals
and, therefore, the structure of this complex were
virtually identical with those of apo-RdgB. The
structures of both ITP- and IMP-containing
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complexes revealed a similar coordination of the
hypoxanthine base in the active site. The phosphate
group of IMP was disordered and adopted two
conformations with a 3.2-Å distance between the
phosphorus atoms (Fig. 5b). The IMP phosphate
oxygen atoms interact with the side chains of Lys13
(3.0 Å) and Asp68 (3.4 Å) and with the main-chain
NH group of Ser70 (3.1 Å). No electron density could
be assigned to Mg2+ in the RdgB–IMP structure. This
suggests that, after hydrolysis, the pyrophosphate
group with bound Mg2+ exits freely as it makes
numerous contacts with the bulk solvent. Thus, in
addition to the coordination of the triphosphate
moiety of ITP, Mg2+ also facilitates pyrophosphate
discharge after catalysis. The overall fold of the
RdgB–IMP complex is very similar to the structure of
the ligand-free RdgB and represents the protein in an
open conformation when the first reaction product
(pyrophosphate) has already left the active site,
whereas the second product (IMP) is still bound to
the enzyme (Fig. 5b). The α1 helix and the β1–α1 loop
are shifted up by 2.9–7.8 Å to exactly the same
position as in the structure of the ligand-free RdgB.
The just-released structure of the PH1917 complex
with IMP (2dvn) revealed a very similar coordination
of the ligand in the active site.

Substrate-induced conformational changes
in RdgB

The superposition of two RdgB structures (free
state and ITP complex) revealed that ITP binding
induced a large movement of several structural
elements toward the bound substrate, resulting in a
“closed” conformation of the enzyme (Fig. 2d). The
most prominent change includes the downshift of the
α1 helix and the β1–α1 loop by 2.9 to 7.8 Å, closing
the active site and moving a cluster of four conserved
residues (Thr8, Asn10, Lys13, and Glu16) and one
semiconserved residue (Gly9) close to the substrate
(Fig. 2d). In the RdgB–ITP complex structure, the side
chain of Lys13 is positioned next to the oxygen of the
bridging Pα–O bond of ITP (3.1 Å) (Figs. 5a and 6),
and its key role in the catalysis is supported by the
complete loss of activity in the Lys13Ala mutant
protein (Fig. 3b). The ITP-induced shift of the α1 helix
moves the side chains of the conserved Asn10 and
Thr8 close to the oxygen atoms of the substrates
β-phosphate (2.7 Å) and γ-phosphate (2.7 Å). Further
stabilization of the substrate triphosphate moiety is
achieved by the interaction of the main-chain amide
group of the semiconserved G9 with the γ-phosphate
oxygen. Conserved Glu16 is shifted close to the side
chain of the conserved Arg183 (2.9 Å) and reorients
the latter residue toward the 6-keto oxygen of the
base, moving it by ∼3 Å in the direction of the subs-
trate. In addition, ITP binding to RdgB downshifted
the β5–α8 loop and the conserved Phe154 by 1.1 Å
toward the nucleotide base, locking the substrate in
the active site.
Thus, RdgB structures revealed that this enzyme

can have “open” or closed conformations, and their
transformations are realized through the concerted
interaction of several static and movable protein
elements induced by substrate binding and hydro-
lysis. The static components include a fixed β-sheet
floor accommodating the predicted catalytic residue
Asp69 and the associated H-bond network (Lys53
and Glu41), as well as a group of conserved residues
involved in substrate binding (Asp68, Ser70, Phe118,
His182, and Arg183). The movable elements com-
prise the α1 helix and two flexible loops (β1–α1 and
β5–α8) containing residues involved in substrate
coordination and catalysis (Thr8, Asn10, Lys13,
Glu16, and Phe154). The binding of the ITP–Ca2+

complex to the open form of RdgB induces a large
shift of movable components toward the bound
substrate, transforming the enzyme into a closed
conformation, which is reversed back to an open
conformation after substrate hydrolysis.

Implications for the catalytic mechanism
of RdgB

Our structural and biochemical data indicate that
two networks of interacting lysine and carboxylate
residues play an important role in the cataly-
tic mechanism of RdgB: Glu41-Lys53-Asp69 and
Lys13 Asp68-Arg183-Glu16. Carboxylate–lysine or
carboxylate–arginine interactions stabilize the un-
protonated form of carboxylates (by reducing their
pKα) or the protonated form of lysine or arginine (by
increasing their pKα).

29 These interactions are often
found where either a positive charge (from lysine/
arginine) or a negative charge (from aspartate/gluta-
mate) is required to bind or polarize a substrate.29

ITP-induced conformational change brings Asp68
and Lys13 close for interaction (2.9 Å) and establishes
the interacting network of four conserved residues
(Lys13-Asp68-Arg183-Glu16). This stabilizes the
protonated state of Lys13, which is now positioned
close (3.1 Å) to the bridging oxygen between the α-
and β-phosphates of ITP, resulting in destabilization
of the Pα–O bond (Fig. 7).
On the opposite side of the RdgB active site, the

side chain of the conserved Lys53 stabilizes the
unprotonated state of Glu41 (which is important for
Mg2+ coordination) and Asp69 (a putative catalytic
residue; unliganded RdgB structure) (Fig. 7). It has
been shown that dUTPases: (1) catalyze the same
(pyrophosphatase) reaction on (2) a similar substrate
(dUTP); (3) have the same (tridentate) coordination
of the metal ion; and (4) use aspartate as a base to
activate a water molecule for an in-line nucleophilic
attack on the α-phosphate of dUTP.21,22,30 These
considerations and our structural and mutational
studies imply that, in RdgB, the conserved Asp69 is
likely to function as a base, which coordinates a
catalytic water molecule for the attack on the Pα of
ITP (Fig. 7). Asp69 appears to be well positioned to
play the role of general base for the buried water
molecule. ITP binding to RdgB would shield a
bound water molecule from the solvent, promoting
the abstraction of a proton to generate a nucleophilic
hydroxide ion. When an aspartate side chain is
modeled into the position occupied by Ala in an
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Fig. 7. Proposed catalytic mechanism for RdgB. ITP
binding to RdgB leads to trapping of the nucleophilic
water molecule in the substrate pocket and its shielding
from the surrounding medium. An ITP-induced confor-
mational shift of the RdgB α1 helix brings the side chain of
K13 close to the α–β bridging oxygen of ITP, enhancing the
polarization of this bond and aiding the nucleophilic
attack on the α-P atom. Unprotonated D69 acts as a
general base, abstracting a proton from the water molecule
and producing a nucleophilic hydroxide ion, which then
attacks the α-phosphate of ITP. The developing negative
charge in the α–β bridging oxygen atom appears to be
stabilized by a hydrogen bond to the protonated side
chain of K13, which then donates its proton to this oxygen
atom (on the leaving pyrophosphate group). K13 is then
reprotonated by proton transfer fromD69 to the side chain
of K53, regenerating the active site.
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Asp69Ala mutant protein, its side-chain oxygen
atoms are positioned 4.3 Å and 5.7 Å from the
α-phosphorus atom of ITP, suggesting that a
nucleophilic water molecule might be placed
between these atoms. In this structure, there is a
water molecule (W1588) located between the ITP
α-phosphate (3.7 Å) and the side-chain oxygen
atoms of the modeled Asp69 (2.7 Å and 3.6 Å),
which is almost ideally positioned for in-line nucleo-
philic attack on the α-phosphate. In the free-state
structure (1k7k), two water molecules (W20 and
W167) are located close (2.8 Å and 3.0 Å, respec-
tively) to the side-chain oxygen atoms of Asp69, and
one of them might play the role of a nucleophilic
water molecule. The proton for the leaving O-atom
of pyrophosphate might be donated directly by the
side chain of protonated Lys13, which can be
reprotonated by proton transfer from Asp69 to the
side chain of Lys53 (3.9 Å from Lys13) (Fig. 7).
Thus, the E. coli ITPase RdgB demonstrates

exquisite substrate specificity with respect to the
base of noncanonical nucleotides (ITP, dITP, and
XTP) that is essential in keeping their intracellular
concentration low and in preventing the unintended
hydrolysis of canonical nucleotides. Our work
provided structural insights into substrate selectiv-
ity and proposed a model for the catalytic mechan-
ism of ITPases, which will be examined in future
structural studies.
Materials and Methods

Gene cloning and protein purification

Escherichia coli RdgB (yggV) was cloned into the pET15b-
based (Stratagene) vector p11 containing the N-terminal
6His affinity tag, TEV cleavage site, and tandem termi-
nator codons.31 RdgB was overexpressed in E. coli BL21
(DE3) and affinity purified using Ni2+-chelate chromato-
graphy, as previously described.31

Enzyme assays

NTP pyrophosphatase activity was determined by
measuring the Pi release in a 160-μL assay solution in 96-
well microplates containing 50 mM Tris–HCl (pH 9.0),
5 mMMg2+, 1.25–250 μMsubstrate, and 0.01–0.1 μg RdgB,
using 10 mU of inorganic pyrophosphatase (from baker's
yeast; Sigma). The nucleotide substrates were purchased
from Sigma, TriLink BioTechnologies, and Jena Bios-
ciences. After 20 min of incubation at 37 °C, the reaction
was stopped by the addition of 40 μL of malachite green
reagent,32 and absorbance was measured at 630 nm.
Kinetic parameters were determined by nonlinear curve
fitting using GraphPad Prism software (version 4.00 for
Windows; GraphPad Software, San Diego, CA)†. TLC
analysis of the RdgB reaction products was performed
using cellulose plates (Sigma) and solvent A (saturated
ammonium sulfate/3 M sodium acetate/isopropyl alco-
hol, 80:6:2).33 The reaction products and nucleotide
standards were visualized under UV light.

Site-directed mutagenesis

The selected residues of the wild-type RdgB were
mutated to alanine using PCR with mutagenic primers
and the QuikChange mutagenesis kit (Stratagene). The
presence of mutations was confirmed by DNA sequencing
using the T7 promoter primer. Plasmid mini preps were
made using a Qiaprep Spin Mini Prep kit (Qiagen). The
6His-tagged proteins were overexpressed in E. coli BL21
(DE3) and affinity purified on a Ni2+-chelate column, as
previously described.31 The yield and purity of the pro-
teins were estimated on 12.5% SDS polyacrylamide gels
after visualization by Coomassie blue staining.

Protein crystallization

Protein crystals were grown at 21 °C by the hanging-
drop vapor-diffusion method, with 2 μL of protein sample
mixed with an equal volume of reservoir buffer. The
crystals of wild-type RdgB grew after 3–5 days in the
presence of 30% polyethylene glycol (PEG) 4000, 0.2 M
ammonium acetate, and 0.1 M Na citrate (pH 5.8). The
crystals of the RdgB complexes with IMP or ITP were
obtained by crystallization of the RdgBD69Aprotein in the
presence of 20% PEG 3350, 0.2 M Mg acetate, and 10 mM
IMP (for the IMP complex), or in the presence of 22.5%PEG
3350, 0.18M ammonium sulfate, 0.1 M sodium acetate (pH
4.6), 20 mM calcium chloride, 2% isopropanol, and 10 mM
ITP (for the ITP complex). For diffraction studies, the
crystals were stabilized with the crystallization buffer

http://www.graphpad.co
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supplemented with 20% ethylene glycol as a cryoprotec-
tant and flash frozen in liquid nitrogen.

Structure determination

For the wild-type RdgB crystal, a three-wavelength
MAD experiment was carried out with a SeMet-deriva-
tized protein crystal on the 19ID beam line of the
Structural Biology Center at the Advanced Photon Source
(Argonne, IL). The statistics of data collection and
processing are given in Table 2. Diffraction data were
collected at the inflection point, at the peak of the selenium
absorption edge, and at a remote energy above the edge
(Table 2, crystal 1). High-resolution (up to 1.45 Å) dif-
fraction data were collected from crystal 2 (Table 2,
crystal 2). Because the dynamic range of crystal diffraction
was broader than that of the detector, two scans were
required for low and high resolutions. Data collection and
visualization were done with d*TREK,34 and all data were
integrated into and scaled with the program package
HKL2000.35 MAD phasing of the RdgB data was carried
out with the program CNS.36 More than 80% of the main
chain and about half of the side chains were built
automatically with ARP/wARP.37 The remainder of the
model was built and all side chains were corrected
manually using the program O.38 All subsequent refine-
ments were carried out with REFMAC539 within the CCP4
suite of programs.40 For the RdgB–IMP crystal, the
diffraction data were collected on a Rigaku RU-H3R
rotating anode equipped with Osmic confocal “blue”
optics, and diffraction intensities were recorded on an
R-Axis IV++ image plate (Rigaku Americas, Texas, USA)
(Table 2). The structure was solved by using the atomic
coordinates of the apo-RdgB structure (1k7k) and subjecting
them to rigid-body refinement using REFMAC541 within
the CCP4 suite version 6.0.2.42 The diffraction data from the
SeMet-derivatized RdgB–ITP crystal were collected on the
19ID beam line at the peak of the selenium absorption edge.
Initial phases were obtained by single-wavelength anom-
alous diffraction phasing using autoSHARP;43 subsequent
phases were subjected to density modification and auto-
matic model building, resulting in N90% of the protein
model being built. Additional model building and refine-
ment of the RdgB–ITP and RdgB–IMP structures were
accomplished using Coot.44 Images were generated using
PyMol‡ and LIGPLOT.45

Protein Data Bank accession codes

Coordinates and structure factors have been deposited
with accession codes 1k7k (wild-type RdgB; free state),
2pyu (D69A RdgB–IMP complex), and 2q16 (D69Av–ITP
complex).
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